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INTRODUCTION 
A t  present,  Earth-orbital  power systems cons i s t  almost exclusively of 
photovoltaic a r rays  and b a t t e r i e s .  Because the  c h a r a c t e r i s t i c s  of t h i s  class 
of power system are both w e l l  known and gradually improving through evolution, 
mission planners are on f ami l i a r  ground i n  se l ec t ing  photovoltaic power sys- 
t e m s .  The photovoltaic system, of course, requi res  o r i en ta t ion  of a s o l a r  
a r ray  of l a r g e  area toward t h e  Sun. This a r ray  obscures the  f i e l d  of v i e w ,  
adds t o  atmospheric drag i n  low o r b i t ,  and could possibly i n t e r f e r e  with ren- 
dezvous o r  with departure from an o r b i t i n g  spacecraf t .  The performance of the  
photovoltaic a r r ay  a l s o  degrades as a r e s u l t  of r ad ia t ion  damage, and the  bat- 
teries used f o r  energy s torage  are of l imi ted  l i f e  i n  low Earth o r b i t .  
Thermal space power systems have very d i f f e r e n t  cha rac t e r i s t i c s .  Chiefly, 
they are more compact, of long l i f e ,  and f a r  less suscept ib le  t o  r ad ia t ion  dani- 
age than photovoltaic systems. Those power systems t h a t  ob ta in  t h e i r  thermal 
input from nuclear hea t  sources can produce power whether i n  sunl ight  o r  shade 
and without t he  o r i en ta t ion  toward the  Sun required by the  s o l a r  a r rays .  
Like the  photovoltaic power systems, t he  thermal power systems are a l s o  
evolving; bu t ,  unlike t h e  photovoltaic systems, they have had comparatively 
l i t t l e  use i n  space. 
m a l  power systems. Because of t h e  grea t  p o t e n t i a l  v a r i e t y  of thermal power 
systems, t h e  heat sources, the  power-conversion systems, and the  in t eg ra t ion  of 
thermal power systems with missions are t r e a t e d  sequent ia l ly .  
This paper surveys the  present s ta te  of t he  ar t  of ther- 
SOLAR HEAT SOURCES 
The Sun e m i t s  r ad i an t  energy equivalent t o  t h a t  from a blackbody a t  about 
5800 K. A t  t he  Earth 's  d i s tance  from t h e  Sun, t h e  Sun's thermal f l u x  is  1400 
w a t t s  per  square meter. Because a paraboloidal mirror and s o l a r  hea t  rece iver  
can c o l l e c t  a t  least 80 percent of t h i s  energy, s o l a r  mirrors can provide 10 
t i m e s  t he  heat p e r  u n i t  of co l l ec to r  area t h a t  is  obtainable from photovoltaic 
a r rays  i n  combination with a r e s i s t ance  heater.  Thus, s o l a r  mirrors have a 
grea t  s i z e  advantage over so l a r - ce l l  a r r ays  i f  t he  energy sought i s  heat.  
Inasmuch as a power-conversion e f f i c i ency  of 0.30 is  r ead i ly  achievable, 
an e l e c t r i c  power output of about 350 w a t t s  p e r  square meter i s  p o t e n t i a l l y  ob- 
t a inab le  from a s o l a r  thermal power system during full-sun operation - about 
th ree  t i m e s  t h e  power from ar rays  of s o l a r  c e l l s .  The technologies t h a t  can 
113 
https://ntrs.nasa.gov/search.jsp?R=19790001958 2020-03-22T02:27:12+00:00Z
provide these  high levels of e i t h e r  power o r  hea t  are thus of considerable 
i n t e r e s t .  
A pe r f ec t  pa rabo lo ida lmi r ro r  can produce a s m a l l  image of t he  Sun, t h e  
image s i z e  being determined by the  mirror 's  foca l  length and the  Sun's apparent 
radius of 4.8 mi l l i r ad ians  (16 arc-min). On t h e  o ther  hand, a real mirror w i l l  
have su r face  inaccuracies and w i l l  therefore  produce a l a r g e r  image. 
s u l t i n g  high f l u x  of s o l a r  energy can be focused on an aper ture  i n  a heat- 
receiving cavi ty  (a hohlraum, f i g .  l ) ,  and t h e  thermal energy co l lec ted  by t h e  
hea t  rece iver  can be  used d i r e c t l y  or can be converted t o  electric power i n  a 
thermal power system. The hot cavi ty  w i l l  r a d i a t e  hea t  through the  cav i ty ' s  
ape r tu re  as would a black sur face  a t  the  mean rad ian t  temperature within t h e  
cavity.  
and thereby requi re  a l a r g e r  aperture,  these  sur face  e r r o r s  r e s u l t  i n  an in- 
crease i n  the  thermal power l o s t  by r ad ia t ion  from within the  cavity.  By ex- 
p lo r ing  the  r e l a t i o n  among mirror-surface e r r o r ,  aper ture  s i z e ,  and r ad ia t ion  
l o s s  through the  aper ture ,  t he  e f f ic iency  achievable by s o l a r  heat-collection 
systems can be assessed. 
The re- 
Because geometrical e r r o r s  i n  t h e  mirror 's  sur face  increase  image s i z e  
For s p e c i f i c i t y  i n  the  following discussion, a mirror i s  assumed t o  be a 
paraboloid of revolution, t o  have a diameter of 30.5 meters (100 f t ) ,  and t o  be 
s o  or ien ted  i n  space t h a t  both t h e  Sun and the  aper ture  of t h e  s o l a r  hea t  re- 
ce iver  are c e n t r a l l y  posit ioned on the  a x i s  of t h e  paraboloid. 
t h i s  s i z e  in t e rcep t s  roughly 1 megawatt of sunl ight .  Further,  a ray from t h e  
mirror l i p  t o  the  focus is  taken t o  form an angle of 45O with the  mirror axis. 
Under these conditions,  foca l  length is  18.4 meters (60.4 f t )  and t h e  f-number 
of t h e  o p t i c a l  system is 
A mirror of 
f/0.6. 
Each area element of the  mirror sur face  forms a c i r c u l a r  image of t he  Sun 
of 8.6-centimeter radius a t  t he  image plane. For sur face  elements co r rec t ly  
or ien ted ,  t he  Sun's image formed by each element is  centered on the  mirror 's  
ax is .  Accordingly, an e r r o r  i n  o r i en ta t ion  of a given sur face  element dis- 
places the  Sun's image formed by t h a t  element r a d i a l l y  from i t s  nominal loca- 
t i o n  on the  mir ror ' s  ax i s .  
have a Gaussian d i s t r i b u t i o n ,  t h a t  i s ,  
For ana lys i s ,  t he  sur face  e r r o r s  w e r e  assumed t o  
where 
p probabi l i ty  density f o r  a given e r r o r  
E sur face  e r r o r  
ci standard e r r o r  
For various r a d i a l  pos i t ions  on the  image plane, the  f lux  from various elements 
of the  mirror sur face  w a s  in tegra ted  over t h i s  probabi l i ty  d i s t r ibu t ion .  
r e s u l t s  are given i n  f igu re  2. 
The 
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The p e r f e c t  image (zero  e r r o r )  has  a f l u x  cu to f f  a t  t h e  image r ad ius  o f  
8.6 cent imeters .  A s  t h e  s tandard  e r r o r  of t h e  mi r ro r  s u r f a c e  inc reases ,  t h e  
image is spread  o u t  over  p rogres s ive ly  l a r g e r  areas and peak f l u x  decreases .  
For a conserva t ive  r e f l e c t i v i t y  of 0.9, peak f l u x  is  4000 w a t t s  p e r  square 
cent imeter  w i t h  zero e r r o r  and about 3000 w a t t s  p e r  square  cent imeter  i f  t h e  
s tandard  e r r o r  is  2 m i l l i r a d i a n s  ( 7  arc-min). 
For va r ious  r a d i a l  p o s i t i o n s  on t h e  image p lane ,  the va lues  of  f l u x  I$ i n  
f i g u r e  2 were mul t ip l i ed  by 
graphic  t h e  s e l e c t i o n  of  optimum a p e r t u r e  s i z e .  
nate i n  f i g u r e  3 stems from t h e  fol lowing r e l a t i o n :  
P = lR 2rr4 d r  
27rr and r e p l o t t e d  i n  f i g u r e  3 i n  o r d e r  t o  make 
The s i g n i f i c a n c e  of  t h e  ord i -  
where 
P thermal  power e n t e r i n g  a p e r t u r e  
R r ad ius  of  a p e r t u r e  
r r ad ius  on image p lane  
Thus f o r  any given a p e r t u r e  r ad ius  R, t h e  area under any given s o l i d  l i n e  from 
0 t o  R r ep resen t s  t h e  s o l a r  power e n t e r i n g  t h e  ape r tu re .  I n  t u r n ,  t h e  area 
under t h e  same curve f o r  a l l  a p e r t u r e  r a d i i  g r e a t e r  t han  R r ep resen t s  t h e  
s o l a r  power s t r i k i n g  t h e  a p e r t u r e  p l a t e  and t h e r e f o r e  l o s t  by n o t  e n t e r i n g  t h e  
receiver cavi ty .  
The h e a t  r ad ia t ed  from t h e  a p e r t u r e  i t s e l f  is  shown by t h e  dashed l i n e s  i n  
f i g u r e  3 f o r  two va lues  of c a v i t y  temperature.  
t e r i s t i c  of t h e  maximum temperature  of a number of power-conversion systems, 
and 1800 K i s  approximately t h e  melt ing p o i n t  of  i r o n  and thus  is representa-  
t ive  of high-temperature process ing  i n  space.  
a p e r t u r e  have been increased  by 60 percent  above t h e  va lues  f o r  a blackbody i n  
o rde r  t o  account f o r  t h e  thermal r a d i a t i o n  from t h e  a p e r t u r e  dur ing  t h e  shadow 
por t ions  as w e l l  as t h e  s u n l i t  po r t ions  of  a low o r b i t  about t he  Earth.  Nominal 
va lues  of 60 minutes of s u n l i g h t  and 36 minutes of shadow w e r e  assumed. Thus, 
f o r  both t h e  s o l i d  and dashed l i n e s  t h e  area under each l i n e  i s  p ropor t iona l  t o  
t h e  energ ies  - f o r  an e n t i r e  o r b i t  - t h a t  e n t e r  t h e  ape r tu re ,  t h a t  are r e rad i -  
a t ed  through t h e  a p e r t u r e ,  o r  t h a t  are d e f l e c t e d  by t h e  a p e r t u r e  p l a t e .  The 
s p e c i f i c  areas are i d e n t i f i e d  i n  f i g u r e  4 .  For any given c a v i t y  temperature  
and given e r r o r  i n  mi r ro r  s u r f a c e ,  t h e  image r a d i u s  a t  which t h e  dashed l i n e  
c ros ses  t h e  s o l i d  l i n e  i s  t h e  optimum a p e r t u r e  s i z e .  
optimum, t h e  s o l a r  f l u x  exceeds t h e  energy r e r a d i a t e d  and a t  l a r g e r  r a d i i  t h e  
reverse p r e v a i l s .  
The va lue  of 1200 K i s  charac- 
The va lues  of r a d i a t i o n  from t h e  
A t  r a d i i  smaller than  t h e  
For va r ious  given mi r ro r  e r r o r s ,  t h e  n e t  energy captured w a s  i n t e g r a t e d  
from zero t o  t h e  optimum a p e r t u r e  r ad ius .  
cies are shown i n  f i g u r e  5. Co l l ec t ion  e f f i c i e n c y  i s  t h e  r a t i o  of t h e  n e t  en- 
ergy captured  t o  t h e  s o l a r  energy i n c i d e n t  upon t h e  mi r ro r ;  hea t  l o s s e s  from 
The r e s u l t i n g  c o l l e c t i o n  e f f i c i e n -  
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t h e  o u t e r  sur face  of t h e  receiver w e r e  neglected. A t  low e r r o r s ,  e f f i c i ency  
asymptotically approaches t h e  value of 0.9 assigned t o  mirror r e f l e c t i v i t y .  
For a cavi ty  temperature of 1200 K, c o l l e c t i o n  e f f i c i ency  i s  nea r ly  constant 
f o r  su r f ace  e r r o r s  less than 1 m i l l i r a d i a n  (3 arc-min) and drops slowly t o  0.8 
f o r  a standard e r r o r  of 6 mi l l i r ad ians  (21 arc-min). For a cavi ty  temperature 
of '1800 K, c o l l e c t i o n  e f f i c i ency  is  above 0.75 f o r  mirror e r r o r s  below 2 m i l l i -  
radians (7 arc-min). Thus, o v e r a l l  c o l l e c t i o n  e f f i c i e n c i e s  over 0.80 are 
achievable, even a t  cav i ty  temperatures as high as 1800 K, i f  only mirrors can 
be made wi th  s u f f i c i e n t  accuracy C1.5 mrad, o r  5 arc-min) . 
Figure 6 shows a mirror 6 meters (20 f t )  i n  diameter t h a t  w a s  made by NASA 
L e w i s  of magnesium and i n  12  sec to r s .  
shape by creep-forming i t  over a heated, machined aluminum die .  For each sec- 
t o r  a p l a t e  of magnesium 2.5 centimeters t h i ck  w a s  milled on t h e  back i n  order  
t o  produce flanges along each edge and a roughly rectangular g r i d  of r ib s .  The 
f ron t  sur face  and the  r i b s  w e r e  a l l  approximately 1.5 m i l l i m e t e r s  (60 m i l s )  
thick. Af te r  creep-forming, each sec to r  w a s  spray coated with epoxy. The sur- 
face tens ion  of the  epoxy produced a glossy sur face  onto which aluminum w a s  de- 
pos i ted  by vaporization i n  a vacuum. Af te r  t he  sec to r s  w e r e  bo l ted  together 
i n t o  a paraboloidal mirror,  the  mirror sur face  w a s  inspected f o r  accuracy by 
using the  optical-inspection machine i n  f igu re  7. The standard devia t ion  of 
the  e r r o r s  w a s  about 1 mi l l i r ad ian  (4 arc-min). The d i s t r i b u t i o n  of e r r o r s  w a s  
a l s o  very c lose  t o  a Gaussian curve, as had been assumed i n  analyzing the  ef- 
f e c t s  of mirror e r r o r  on performance. This mirror weighed about 5 k i log ram 
per square m e t e r  (1 l b / f t 2 ) .  
Each s e c t o r  w a s  given i t s  parabol ic  
A mirror 1.8 meters (6 f t )  i n  diameter w a s  a l s o  made by NASA Lewis  from 
0.4-millimeter- (17-mil-) t h i c k  magnesium shee t ,  a l s o  by creep-forming the  sec- 
t o r s  over a heated aluminum form ( f ig .  8).  The sec to r s  w e r e  joined by s l o t t e d  
sp l ines  and epoxy ( r e f .  1). Tota l  weight of t h e  mirror w a s  1 .6  kilograms pe r  
square meter (0.32 l b / f t * ) ,  but i t s  sur face  accuracy w a s  not measured. 
A comparable mirror w a s  manufactured by TRW from aluminum shee t  0.4 m i l l i -  
meter (20 mils) t h i c k  by stretch-forming t h e  sec to r s  over a mandrel ( r e f .  2) .  
Eight s e c t o r s  and a rear supporting to rus  were bonded together i n t o  a paraboloid 
1.5 meters (5 f t )  i n  diameter. J u s t  as f o r  t h e  Lewis  mir rors ,  t h e  f ron t  sur face  
w a s  coated with epoxy and aluminized. 
mirror sur face  w a s  0.3 mi l l i r ad ian  (1 arc-min). I n  f u l l  sun l igh t ,  such a mirror 
can supply over 900 w a t t s  p e r  kilogram. 
The standard deviation of e r r o r s  i n  t h e  
Thus, l ightweight mirrors of s u f f i c i e n t  accuracy f o r  e f f i c i e n t  c o l l e c t i o n  
of s o l a r  thermal energy ( f i g .  5 ) ,  even i f  temperatures of about 1800 K are 
sought, have been b u i l t  and t e s t ed  on Earth. Thermal power outputs i n  excess 
of 1100 w a t t s ' p e r  square meter are achievable, a value 10 t i m e s  t h e  output 
present ly  a t t a i n a b l e  from s o l a r  a r rays .  Although these  accurate mir rors  have 
been assembled on Earth,  l a r g e  mirrors would requi re  assembly o r  e rec t ion  i n  
space and t h i s  remains t o  be demonstrated. The heat from such mirrors can be  
used f o r  power generation and/or space processing. For example, a paraboloid 
100 meters i n  diameter appears p o t e n t i a l l y  capable of supplying 5 megawatts of 
average thermal power i n  low Earth o r b i t .  I n  most ins tances ,  the  a t t a i n a b l e  
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temperature w i l l  be  l i m i t e d  by t h e  materials of the  s o l a r  h e a t  receiver r a t h e r  
than  by t h e  a t t a i n a b l e  accuracy of t h e  concent ra tor .  
NUCLEAR HEAT SOURCES 
E i t h e r  nuc lea r  r e a c t o r s  o r  r ad io i so topes  can a l s o  provide h e a t  f o r  d i r e c t  
use  o r  f o r  power generat ion.  I n  terms of adap ta t ion  t o  t h e  mission,  nuc lea r  
energy sources  are very  d i f f e r e n t  from s o l a r  sources .  They are very  compact 
and, s i n c e  they  o p e r a t e  w i t h  complete independence from t h e  Sun, they permit  
ope ra t ion  i n  any Ear th  o r b i t  without  t h e  c o n s t r a i n t  of o r i e n t a t i o n  toward t h e  
Sun. I n  t u r n ,  opera t ions  i n  space can be  s i g n i f i c a n t l y  s impl i f i ed  because t h e  
f i e l d  of view is no t  obscured, because rendezvous is  s impler ,  and e s p e c i a l l y  
because the  Ear th  ( o r  any o t h e r  celestial body) can be  cont inuously observed 
without t h e  c o n s t r a i n t  of a l s o  o r i e n t i n g  a n  a r r a y  of s o l a r  cells toward t h e  Sun. 
L i f e ,  c o s t ,  and nuc lear - rad ia t ion  s h i e l d i n g  are a l l  s i g n i f i c a n t  f a c t o r s  i n  
nuc lea r  h e a t  sources .  Plutonium-238 i s  t h e  accepted r ad io i so tope  f o r  space- 
f l i g h t s .  Because i ts  h a l f - l i f e  i s  87 y e a r s ,  t h e  thermal output  d e c l i n e s  less 
than  8 percent  i n  10 yea r s .  Thus, t h e  l i f e  of t h e  r ad io i so tope  does no t  l i m i t  
mission du ra t ion ,  i n  any p r a c t i c a l  sense.  On t h e  o t h e r  hand, plutonium-238 
c o s t s  about $650 p e r  w a t t  of h e a t  produced a t  t h e  t i m e  t h e  r ad io i so tope  capsules  
are manufactured. I f  r a d i o i s o t o p i c  decay is  included,  u n i t  c o s t  is roughly 
$700 pe r  thermal w a t t  produced a f t e r  10  yea r s .  
s u l t s  i n  o v e r a l l  c o s t s  of $700 000 p e r  thermal  k i lowa t t  and $700 m i l l i o n  p e r  
thermal megawatt. Also,  t h e  t o t a l  quan t i ty  of r ad io i so tope  t h a t  can be r e a d i l y  
produced i n  a y e a r ' s  t i m e  is  l imi t ed  ( r e f .  3). These f a c t o r s  of u n i t  c o s t  and 
a v a i l a b i l i t y  w i l l  make r a d i o i s o t o p i c  h e a t  sources  up t o  a few t e n s  of k i lowa t t s  
reasonable ,  bu t  l a r g e r  h e a t  sources  less reasonable.  The technology f o r  such 
r a d i o i s o t o p i c  h e a t  sources  i s  n e a r l y  a l l  a v a i l a b l e ,  and a number of r ad io i so tope  
power s u p p l i e s  have a l r eady  been flown. 
produce 2400 w a t t s  of h e a t  and ope ra t e  a t  about l l O O o  C. 
Obviously, th is  u n i t  c o s t  re- 
The multihundred-watt capsules  each 
For nuc lea r  r e a c t o r s ,  r e a c t o r  l i f e  i s  a design v a r i a b l e  and ve ry  long l ives  
(decades) are achievable .  Bas i ca l ly ,  as h e a t  i s  con t inua l ly  produced by t h e  
r e a c t o r ,  i t s  f u e l  wears ou t .  Two f a c t o r s  account f o r  t h i s  wearing out :  
(1) A s  uranium is  p rogres s ive ly  consumed, t h e  r e a c t o r ' s  a b i l i t y  t o  remain 
c r i t i ca l  and t o  s u s t a i n  a cha in  r e a c t i o n  dec l ines .  
(2) The f u e l  s w e l l s  because of accumulating r a d i a t i o n  damage t o  t h e  f u e l  
s t r u c t u r e  and because of accumulating f i s s i o n  products  (2 product atoms f o r  
each uranium atom f i s s i o n e d ) .  
Within given l i m i t s  on t h e s e  two design v a r i a b l e s ,  t h e  r e a c t o r  can be  designed 
f o r  almost any reasonable  energy output ,  simply by inco rpora t ing  enough f u e l  
i n t o  t h e  r e a c t o r  and making t h e  
ergy output  of a given r e a c t o r ,  
r e a c t o r  l a r g e  enough. 
power can be  t r aded  f o r  l i f e ,  and conversely.  
Within t h e  l i m i t  on en- 
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As shown by reference 4 ,  r eac to r  weight increases f a i r l y  slowly i f  g rea t e r  
energy output (or longer l i f e )  is sought. Within a given family of r eac to r s  
designed f o r  the same operating temperature and a 7-year l i f e ,  reac tor  weight 
i s  e s s e n t i a l l y  constant f o r  thermal powers from 16 t o  200 kWt and increases  
only one-third as f a s t  as thermal power from 200 t o  1000 kWt. A t  t h e  1000-kWt 
l e v e l ,  reac tor  weight is  estimated t o  be 360 kilograms. Similary, r eac to r  cos t  
w i l l  a l s o  change only slowly with power and l i f e .  
Reactor s h i e l d  weight varies g rea t ly  with mission-related f ac to r s .  For 
unmanned spacecraf t ,  r a the r  t h i n  s h i e l d s  j u s t  between the  r eac to r  and payload 
(shadow sh ie lds )  can be used and might weigh only a few hundred kilograms. On 
the  o the r  hand, even a shadow s h i e l d  f o r  manned f l i g h t  might weigh 10 tons be- 
cause of the  low dose-rate limits spec i f i ed  f o r  human beings. Such a shadow 
sh ie ld  would prevent man's i n t r u s i o n  i n t o  the  unshielded zone. 
form sh ie ld ing  a l l  around t h e  r eac to r  (48 sh ie ld ing)  would g ive  g rea t  opera- 
t i o n a l  freedom about the  r eac to r ,  s h i e l d  weight would then increase  t o  perhaps 
70 tons. Various sh i e ld  weights between these  l i m i t s  can be achieved by com- 
promising man's opera t iona l  freedom about the  reac tor  (ch ief ly  with respec t  t o  
s o l i d  angle) and by t a i l o r i n g  the  r e a c t o r ' s  s h i e l d  design t o  f i t  t hese  opera- 
t i o n a l  cons t ra in ts .  Thus, t h e  r eac to r  sh i e ld  se l ec t ed  f o r  manned f l i g h t  w i l l  
r equi re  de t a i l ed  consideration of t he  r e l a t i o n  between sh ie ld  design and man's 
activit ies about t h e  spacecraf t .  
rad io iso topic  hea t  sources using plutonium-238 requi re  only minor sh ie ld ing .  
Although uni- 
I n  con t r a s t  with sh ie ld ing  f o r  r eac to r s ,  
The radioisotope is  most u se fu l  a t  low powers (below perhaps a few tens  
of kWt), and t h e  r eac to r  f o r  high powers. 
f a c t s  (1) t h a t  the  radioisotope, with i t s  comparatively high un i t  c o s t ,  in- 
creases i n  cos t  i n  d i r e c t  proportion t o  thermal power and (2) t h a t  t he  r eac to r  
and i t s  sh ie ld  increase  only slowly i n  weight and cos t  as required thermal 
power increases.  Thus, a t  high thermal powers, r eac to r s  would be t h e  prefer- 
able nuclear heat source. 
The reasons f o r  t h i s  s t e m  from the  
POWER-CONVERSION SYSTEMS 
Some o v e r a l l  c h a r a c t e r i s t i c s  of thermal power-conversion systems are s u m  
marized i n  t a b l e  I. Thermoelectric power systems have already flown as radio- 
i so tope  thermoelectric generators (RTG's) on several long-lived spacecraf t .  To 
da te ,  these  power s y s t e m  have produced powers up t o  150 w a t t s  and had o v e r a l l  
e f f i c i e n c i e s  of about 0.06. With modest advances i n  technology, e f f i c i ency  up 
t o  perhaps 0.10 appears achievable. The RTG's are highly developed, rugged, 
i n e r t  i n  terms of i n t e r a c t i o n  with a mission, and long l ived .  
duration missions t h a t  exp lo i t  the  Space Transportation System, RTG's should 
be copsidered f o r  both emergency power and f r e e  f l i e r s .  
For long- 
Figure 9 shows, a t  the  l e f t ,  two multihundred-watt (MEN) RTG's mounted 
The two RTG's produced 250 w a t t s  of atop a Lincoln Experimental Satellite. 
e l e c t r i c  power from two MHW hea t  sources. 
intended f o r  use i n  t h e  mini-Brayton concept shown a t  the  r i g h t .  
conversion system, with i t s  higher conversion e f f i c i ency ,  would produce 
These same two MHW capsules are a l s o  
The Brayton 
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1300 w a t t s  from these  same two highly developed heat sources. A 10-kilowatt 
version of such a Brayton power-conversion system has been under test f o r  sev- 
eral  years ( f ig .  10). The measured e f f ic iency  of t h i s  power-conversion system 
is 0.29 ( f ig .  ll), but hea t  l o s ses  from a nuclear heat source might lower over- 
a l l  system e f f i c i ency  t o  0.27 o r  0.28. 
nents would raise power-conversion-system e f f i c i ency  t o  about 0.32 ( re f .  4). 
Subs t i tu t ing  already developed compo- 
The main ro t a t ing  component of t h i s  engine has a compressor, a turbine,  
and a generator on a s i n g l e  s h a f t  supported by two gas-lubricated jou rna l  bear- 
ings and a double-acting t h r u s t  bearing ( f igs .  1 2  and 13) .  This r o t a t i n g  compo- 
nent has completed 36 000 hours of t e s t i n g ,  and system performance has been 
s t a b l e  over t h i s  period. Testing w i l l  continue toward a goal of 50 000 hours. 
Organic Rankine systems f o r  use i n  space have been inves t iga ted  f a r  about 
t he  pas t  15 years ,  and one power-conversion system operated f o r  8000 hours. 
Efficiency of 0.15 has been demonstrated, and 0.18 is  projected f o r  t he  fu ture .  
Thermionic converters have been inves t iga ted  f o r  generation of space power 
f o r  about two decades. 
Current concepts f o r  thermionic powerplants ( r e f .  5) incorporate thermionic 
converters operating a t  1650 K and having e f f i c i e n c i e s  of about 0.15, 
ence 5, converter output a t  0.15 e f f i c i ency  is 500 ki lowat t s  of unregulated 
power a t  54 v o l t s  dc and about 9300 amperes. 
reduce t h i s  output t o  343 ki lowat t s ,  f o r  an o v e r a l l  e f f i c i ency  of 0.10. 
search on thermionic diodes (ref.  6) has shown t h a t  a t  higher temperatures 
(1800 t o  2000 K) and high power d e n s i t i e s  (20 t o  30 W/cm2), converter e f f i c i ency  
can be r a i sed  t o  0.3. I n  turn,  o v e r a l l  system e f f i c i ency  might then be about 
0.2. A s  shown by re ference  7,  thermionic and reactor-Brayton powerplants f o r  
unmanned f l i g h t  have about t h e  same s p e c i f i c  weight (g/W). However, exploita- 
t i o n  of t h e  higher power d e n s i t i e s  and higher operating temperatures of re fer -  
ence 6 w i l l  reduce thermionic weight s i g n i f i c a n t l y .  
One converter operated s t a b l y  f o r  over 45 000 hours. 
I n  re fer -  
Power conditioning and regula t ion  
Re- 
On the  o ther  hand, high operating temperatures cause more swelling of t h e  
reac tor  f u e l  o r ,  a l t e r n a t i v e l y ,  r equ i r e  reduced energy production from a given 
mass of fue l .  
ton power conversion wi th in  i ts  swelling limits. Inasmuch as f u e l  swelling 
dominates r eac to r  design i n  the  megawatt range, t h e  thermionic r eac to r  could 
not use t h e  UC-ZrC f u e l  wi th in  reasonable swelling l i m i t s .  
switch t o  t h e  more advanced Mo-U02 f u e l  and t o  increase  r eac to r  s i ze .  
reac tor  means increased s h i e l d  weight, a c r u c i a l  problem f o r  manned f l i g h t  in- 
asmuch as s h i e l d  weight dominates powerplant weight. 
In reference 7, UC-ZrC f u e l  is  used f o r  thermoelectric and Bray- 
The so lu t ion  was  t o  
A l a r g e r  
For a given r eac to r  and s h i e l d  operating a t  a given r eac to r  temperature, 
a given amount of thermal energy can be produced over t h e  mission. 
might be used a t  a high rate but then only f o r  a l imi ted  period. High power- 
conversion e f f i c i ency  is  an advantage because i t  would permit e i t h e r  t h e  high- 
est e l e c t r i c a l  power o r  t h e  longest mission dura t ion  from a given reac tor  and 
shield.  This is  one of t h e  outstanding c h a r a c t e r i s t i c s  of t h e  Brayton power- 
conversion system. 
space, t he  Brayton system could a l so  produce the  l a r g e s t  electric power from 
any given hea t  source - be i t  s o l a r  mirror,  radioisotope, o r  nuclear reac tor .  
This energy 
Among t h e  power-conversion systems inves t iga ted  f o r  use i n  
119 
MISSION INTEGRATION 
Thermal power systems o f f e r  t h e  oppor tuni ty  f o r  i n t e g r a t i n g  t h e  power sys- 
t e m  w i t h  t h e  mission i n  ways very  d i f f e r e n t  from those  o f f e r e d  by a photovol ta ic  
power system. Fac to r s  of p o s s i b l e  impact are as follows: (1) h e a t  f o r  process- 
i n g  i n  space,  (2) h e a t  f o r  l i f e  suppor t ,  (3) r e f r i g e r a t i o n  of  cryosensors ,  and 
( 4 )  laser power. The Brayton power-conversion system i s  used as a n  example of 
what is achievable ,  c h i e f l y  because p o s s i b l e  a p p l i c a t i o n  of t h i s  system has 
rece ived  more a t t e n t i o n .  
H e a t  f o r  Processing i n  Space 
I f  h e a t  f o r  process ing  is needed a t  h igh  temperature,  some h e a t  can be 
drawn d i r e c t l y  from t h e  power system's primary h e a t  source.  
sources ,  temperatures  up t o  t h a t  of t h e  h e a t  sou rce  i t s e l f  are usable.  I f  s t i l l  
h igher  temperatures are needed, a s o l a r  mi r ro r  can r e a d i l y  achieve 2000 K wi th  
good e f f i c i e n c y  ( f i g .  5 ) .  A s o l a r  mir ror  can provide about 1100 w a t t s  p e r  
square  meter when i n  s u n l i g h t ,  about  10 t i m e s  t h e  va lue  p re sen t ly  achievable  
w i t h  a r r a y s  of s o l a r  cells .  
For nuc lear  h e a t  
A l l  t h e  thermal  power systems reject waste hea t  t h a t  might be u s e f u l  t o  a 
mission. 
a v a i l a b l e  i n  a f l u i d  heated t o  175O t o  200° C (350° t o  400° F). 
a t u r e s  are achievable  wi th  modest reduct ions  i n  power-generation e f f i c i ency .  
In a Brayton system optimized for high  e f f i c i ency ,  th is  heat might be 
Higher temper- 
Heat f o r  L i f e  Support 
S imi l a r ly ,  supplying h e a t  f o r  l i f e  support  w a s  i nves t iga t ed  ( r e f .  8). I n  
p a r t i c u l a r ,  adap ta t ion  of t h e  Brayton cycle s o  as t o  provide hea t  a t  t h e  re- 
qui red  temperature w a s  s tud ied .  
Consider now t h e  problem of supplying equal  amounts of energy i n  electrical  
and thermal forms, and compare area requirements f o r  a photovol ta ic  and a so la r -  
Brayton system i n  low Ear th  o r b i t  (60 min of s u n l i g h t  and 30 min of shade).  
Consider t h a t  t h e  solar-Brayton system w i l l  cont inuously supply 10  k i lowa t t s  of 
electric power and 10  k i lowa t t s  of otherwise-rejected hea t .  For a c o l l e c t i o n  
e f f i c i e n c y  of 0.8 and a conversion e f f i c i e n c y  of 0.25, 54 square  meters is re- 
qui red  - corresponding t o  an  average of 370 w a t t s  p e r  square  meter f o r  a f u l l  
sun-shade o r b i t .  
power process ing  and of b a t t e r y  charge and d ischarge  is  0.7, i f  a l l  t h e  h e a t  is 
produced during only t h e  s u n l i t  po r t ion  of t h e  
pho tovo l t a i c  a r r a y  is taken as 140 wat t s  p e r  square  meter (13 W/ft2),  230 square  
meters i s  requi red  - corresponding t o  an average output  of 87 w a t t s  pe r  square 
meter f o r  a f u l l  sun-shade o r b i t .  Thus, t h e  photovol ta ic  a r r a y  would r e q u i r e  
over f o u r  t i m e s  t h e  c o l l e c t o r  area of t h e  solar-Brayton system. Requiring even 
modest amounts of h e a t  a t  moderate temperature thus  f avor s  t h e  thermal power 
systems. 
I f  f o r  t h e  photovol ta ic  system t h e  combined e f f i c i e n c y  of 
o r b i t ,  and if output  of t h e  
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Cryogenic Cooling 
I f  a given s p a c e c r a f t  r e q u i r e s  cryogenic cool ing  o f ,  f o r  example, i n f r a r e d  
sensors  for  a long t i m e ,  two reasonable  choices  are t h e  Vuil leumier  (VM) coo le r  
and a Brayton system t h a t  i s  adapted f o r  r e f r i g e r a t i o n  as w e l l  as i t s  usua l  
func t ion  of producing power. 
analyzed and compared wi th  t h e  VM cooler .  
I n  r e fe rence  9, t h e  adapted Brayton system w a s  
The adapted Brayton cyc le  i s  shown i n  f i g u r e  14. The compressed gas i s  
divided i n t o  two streams: one f o r  power genera t ion  and t h e  o t h e r  f o r  r e f r i g e r -  
a t ion .  The r e f r i g e r a t i o n  stream is  then  cooled i n  a r a d i a t o r  t o  t h e  tempera- 
t u r e  a t  t h e  compressor i n l e t .  This  stream i s  then  f u r t h e r  cooled i n  a recuper- 
a t i n g  h e a t  exchanger. This  compressed, cooled gas i s  then  expanded i n  a t u r b i n e  
whose energy e x t r a c t i o n  f u r t h e r  cools  t h e  gas and whose power output  augments 
t h a t  of t h e  Brayton power system. The co ld  gas  a t  t h e  t u r b i n e  d ischarge  pro- 
v ides  t h e  cryogenic  coo l ing  and i s  then rehea ted  i n  t h e  r ecupe ra t ing  h e a t  ex- 
changer almost back t o  t h e  compressor i n l e t  temperature.  
For t h i s  cool ing  a p p l i c a t i o n ,  t h e  Brayton system i s  operated on neon gas ,  
which l i q u e f i e s  a t  approximately 27 K. For t h e  a n a l y s i s  i n  r e fe rence  9, cool- 
i n g  by t h e  Brayton system w a s  l i m i t e d  t o  50 K i n  o r d e r  t o  avoid any l i q u e f a c t i o n  
and thereby t o  s impl i fy  t h e  performance c a l c u l a t i o n s .  
A cool ing  load of 40 thermal w a t t s  a t  50 K w a s  s e l e c t e d .  For t h i s  cobl ing  
load,  a VM coo le r  cont inuously r equ i r e s  about 120 w a t t s  of e lectr ic  power and 
3200 w a t t s  of hea t .  
f o r  bo th  t h e  power and h e a t  demands. The o r b i t a l  pe r iod  is  taken as 90 minutes 
and t h e  s u n l i t  po r t ion  as 60 minutes. 
teries i s  taken  as 0.7 and t h e  a r r a y  output  as 140 w a t t s  p e r  square meter. For 
t h e s e  condi t ions ,  t h e  requi red  a r r a y  area is 4 1  square  meters. Reference 9 
shows t h a t  t h e  r e f r i g e r a t i o n  load  reduces the  e lectr ic  power output  of t h e  
Brayton system by 700 w a t t s .  I f  t h e  e f f i c i e n c y  of t h e  Brayton power-conversion 
system is  taken as 0.3, t h e  c o l l e c t i o n  e f f i c i e n c y  as 0.8, and t h e  s u n l i t  per iod  
as 60 minutes i n  a 90-minute o r b i t ,  t h e  added c o l l e c t o r  area requi red  i n  o r d e r  
t o  r ega in  t h e  700 w a t t s  o f  e lectr ic  power i s  3.1 square  meters. Thus, t he  
pho tovo l t a i c  system r e q u i r e s  13 t i m e s  as much c o l l e c t i o n  area as t h e  Brayton 
system. 
A pho tovo l t a i c  a r r a y  i s  assumed t o  produce e l e c t r i c  power 
Charge-discharge e f f i c i e n c y  of t h e  bat-  
Laser Power Transmission 
A concept f o r  genera t ion  of a gas- laser  beam by adap ta t ion  of  a Brayton 
power system w a s  analyzed i n  re ference  10. The concept is  shown schemat ica l ly  
i n  f i g u r e  15. Gas f o r  ope ra t ion  of t h e  laser i s  f i r s t  compressed and then  
heated i n  t h e  recupera tor  and i n  the  nuc lea r  r eac to r .  
a supersonic  nozz le ,  t he  gas i n  temporary d i sequ i l ib r ium emits i ts  beam of laser 
power. The r e s u l t i n g  high-veloci ty  stream i s  d i f fused  i n  o rde r  t h a t  much of i t s  
k i n e t i c  energy might be  recovered. The r e s u l t i n g  stream of s t i l l - h o t  gas then  
passes  through a t u r b i n e  t h a t  d r i v e s  t h e  compressor and an a l t e r n a t o r .  
Af t e r  r a p i d  expansion i n  
1 2 1  
SUMMARY OF RESULTS 
I n  considering space power generation systems as a l t e r n a t i v e s  t o  photovol- 
t a i c  systems, t h e  following conclusions have been reached: 
1. Radioisotope thermoelectric generators (RTG's) are highly developed and 
ava i l ab le  f o r  o r b i t a l  application. 
appropriate f o r  s p e c i a l  appl ica t ions  such as emergency power o r  f r e e  f l i e r s .  
Their inherent ly  low powers make them most 
2. So lar  paraboloidal mirrors are s u i t a b l e  f o r  supplying hea t  f o r  e i t h e r  
power generation o r  space processing. 
s u f f i c i e n t  f o r  temperatures required t o  m e l t  i r o n  (1800 K). However, t h e  means 
f o r  assembling o r  e rec t ing  these mirrors i n  space are not y e t  developed. 
l e c t o r  areas required t o  supply process hea t  are only 1/10 those required by 
a r rays  of s o l a r  cells. 
Mirror accuracy already demonstrated i s  
Col- 
3. Dynamic power systems can use hea t  from e i t h e r  s o l a r  o r  nuclear sources. 
The h ighes t  e f f i c i ency  and longest l i f e  have been demonstrated by the  Brayton 
system, which has so  f a r  a t t a ined  e f f i c i ency  of over 25 percent and l i f e  i n  ex- 
cess of 4 years. 
4 .  The thermal power systems provide unusual opportunities i n  mission in- 
A given s o l a r  mirror might d r ive  a thermal power system as w e l l  as tegra t ion .  
provide high-temperature hea t  f o r  space processing. 
from power generation can be used f o r  l i f e  support, and the  
can a l s o  be adapted f o r  cryo-cooling of i n f r a red  sensors. If in t ense  beams are 
needed from gas-dynamic lasers, t h e  Brayton system might not only provide t h e  
hot,  pressurized gas f o r  t he  laser but a l s o  produce electric power from the  hot 
gas stream exhausted by the  laser. 
Otherwise-wasted hea t  
Brayton system 
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M I R R O R  A C C U R A C Y  A N D  E N E R G Y  C O L L E C T I O N :  
I N C I D E N T  A N D  R E R A D I A T E D  E N E R G I E S  
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E F F I C I E N C Y  OF C O L L E C T I N G  S O L A R  E N E R G Y  
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S O L A R  M I R R O R  - 20 f t  I N  D l A M  
Figure 6 
M I R R O R  I N S P E C T I O N  M A C H I N E  
Figure 7. 




BRAYTON ENGINE PERFORMANCE 
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Figure 12 
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B R U  SCHEMATIC 
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CONCEPT FOR A LASER-BRAYTON POWER SYSTEM 
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